Aims: To evaluate whether a public health intervention using focused dietary advice combined with a hair-mercury analysis can lower neurotoxic methylmercury exposure among pregnant women without decreasing their overall intake of seafood. Methods: A total of 146 pregnant women were consecutively recruited from the antenatal clinic at a Danish university hospital at their initial ultrasound scan. Dietary advice was provided on avoiding methylmercury exposure from large predatory fish and a hair sample from each participant was analysed for mercury, with the results being communicated shortly thereafter to the women. A dietary questionnaire was filled in. Follow-up three months later included a dietary questionnaire and a repeat hair-mercury analysis. Results: In the follow-up group, 22% of the women had hair-mercury concentrations above a safe limit of 0.58 µg/g at enrolment, decreasing to 8% three months later. Average hair-mercury concentrations decreased by 21%. However, the total seafood intake remained at the same level after three months. Conclusions: Increased exposure to methylmercury among pregnant women is an important public health concern in Denmark. The observed lowering of hair-mercury concentrations associated with dietary advice corresponds to a substantial public health benefit that probably makes such an intervention highly profitable.
Introduction
In a recent statement, an international society of gynaecologists and obstetricians recommended that health professionals make environmental public health part of health care and champion environmental justice [1] . Among the environmental chemicals that may adversely affect foetal development, methylmercury is of global public health concern [2,3]. Methylmercury is the most important mercury species in the environment, where it bioaccumulates in the muscle tissues of large, long-lived predatory fish such as swordfish, shark and tuna; seafood is therefore the main source of exposure in humans [2] . Although seafood provides nutrients essential for foetal development [4] , increased exposure to methylmercury can cause developmental neurotoxicity and associated losses of intelligence quotient (IQ) points [2] . The societal costs in the EU from an annual loss of more than 600,000 IQ points have been calculated to be about €8-9 billion per year [5] . Public health interventions to limit methylmercury exposure should focus on the avoidance of fish known to be high in mercury [6] , while avoiding simplified advisories that may scare women from eating otherwise healthy seafood [7] .
Nudging can be a useful approach to public health and dietary interventions [8] and the present study relied on measurements of individual exposure levels to promote low-mercury seafood among pregnant women. Methylmercury is the predominant mercury species in hair and, in rare cases, mercury vapour may result in external contamination. Hair-mercury analysis is a non-invasive and inexpensive method that is highly advantageous in population studies [6, 9] . We have previously used hair-mercury measurements as an indicator of recent methylmercury exposure after a revised seafood advisory [10] and an elevated hair-mercury result seems to motivate participants to abstain from eating large predatory fish [9] . As prenatal methylmercury exposure is the main public health concern, a targeted intervention needs to reach pregnant (or would-be pregnant) women. We therefore used individual hair-mercury analyses to motivate pregnant women to follow dietary guidelines with a view to limiting methylmercury exposure from contaminated seafood.
The recommended limits for hair-mercury concentrations vary. Even the lowest official limit of 1.0 µg/g hair used by the US Environmental Protection Agency [11] does not take into account the impact of exposure misclassification [12] nor genetic predisposition to methylmercury toxicity [13] . An updated calculation suggests a more protective exposure limit of about 0.58 µg/g hair [12] and this limit was applied in an EU-wide comparison study [5] and in the present study.
The study was carried out in Denmark, where hair-mercury concentrations in women are known to be higher than in neighbouring countries (37% of women exceed a safe limit in Denmark compared with 28% in Norway and Sweden). Assuming that exposures are similar in pregnant women, the prevention of excess exposure in Denmark have been estimated to represent an annual value of about €100 million [5] . As mercury contamination of seafood cannot be reduced in the short term, public health interventions must focus on dietary habits. We therefore provided dietary advice to pregnant women and used hair-mercury analysis to nudge the women with elevated exposures to avoid contaminated fish without reducing their total seafood intake.
Methods

Participants and procedures
The study population consisted of 146 pregnant women consecutively recruited from the antenatal clinic at Odense University Hospital in connection with their initial ultrasound scan for prenatal screening and ultrasound scan at pregnancy weeks 11-14. During the three-month recruitment period, two strategies were used to contact the newly pregnant women. Written information was sent by mail to 518 women with an appointment within the recruitment period, but only 40 (8%) responded and agreed to participate. Many of these women participated in biweekly group information meetings before the scan, where 25 more were recruited. In addition, 223 women were approached on the ward before the scan and 81 agreed to participate (36%), bringing the total number of participants to 146.
Questionnaire
At enrolment, the participants completed a questionnaire on personal data (name, telephone number, weight and height), gestational week, frequency of fish intake during the past four weeks (total seafood consumption, marine fish, shellfish, predatory fish and freshwater fish) with the following response options: several times/day; daily; several times/week; once a week; two to three times within four weeks; or never. Examples of the most common forms of edible fish were given. We also asked about dental work that involved the removal of amalgam fillings and about potential mercury exposure at work. In addition, we asked about their natural hair colour and structure, as well as any hair treatments (e.g. permanent colour), as these factors can affect mercury concentrations [14] .
Intervention and follow-up
The participants received both oral and written dietary advice. The focus was on the benefits of eating fish, as well as preventing mercury exposure, especially from predatory fish. We took into account the positive associations between maternal fish intake during pregnancy and developmental scores demonstrated in Danish children [15] and the advice from the Danish Veterinary and Food Administration for pregnant women to eat 350 g of fish per week, avoiding cuts from predatory fish and more than one can of tuna per week [16] .
Hair samples from the back of the head, corresponding to the thickness of a match, were cut as close to the scalp as possible. Participants who wished to be informed about the results of their hair sample (only one declined) were provided with this information by secure email or the results were mailed to the family doctor, as chosen by each woman. If the hairmercury concentration was >0.5 µg/g, the participants were again advised to avoid eating large predatory fish.
After enrolment and initial hair sampling, the participants received a stamped addressed envelope containing a copy of the questionnaire and instructions to collect a follow-up hair sample. Four months later, the participants were reminded to complete the questionnaires, cut a hair sample and return the envelope provided. Follow-up data were received from 86 (59%) women, with a mean follow-up time of 125+13 days.
Mercury analysis
We used a 1-cm hair segment closest to the scalp ( Figure 1 ) and performed the analysis using a Direct Mercury Analyzer (DMA-80, Milestone, Sorrisole, Italy). The same laboratory had carried out the analyses of Danish samples in the EU-wide study [5] . The 1-cm samples reflect mercury deposited about 30-60 days before collection (the most recent 30 days of growth has not yet emerged above the scalp) [17] . Standardized analytical quality control procedures included an internal control in each series of analyses and regular participation in laboratory comparison programmes. The laboratory imprecision is <4%. The detection limit was 0.03 µg/g, but none of the samples collected showed a hair-mercury concentration below this level.
Statistical analysis
To obtain variance homogeneity and normally distributed residuals, mercury concentrations were transformed using the natural logarithm and all estimates were converted to reflect the relative percentage changes in hair-mercury concentrations. For parameters with skewed distributions, we used median values rather than the mean. Predictor variables were: frequency of seafood intake (total seafood consumption, marine fish, shellfish, predatory fish and freshwater fish, all of which coded as less than once a week/at least once a week); age; body mass index (BMI); gestational week; and work in a dental clinic (yes/no). Age and gestational week were coded as higher or lower than the median. To identify significant confounders, we used a χ 2 test within the group initially enrolled (n=146) to compare the distribution of total seafood consumption (<1 or ⩾1/ week) at different levels of gestational week and status of work in a dental clinic. For the smaller followup group (n=86), the distributions of mercury concentrations, age, BMI, gestational week and seafood consumption at enrolment were compared with the distributions at follow-up to identify potential confounders using the Wilcoxon signed rank sum test, the paired t-test and McNemar's test.
Linear regression analyses were carried out to estimate the effects on mercury concentrations, with the primary exposure predictor being seafood intake (both total and each of the four different types), with age, gestational week and work in a dental clinic included as potential confounders, as selected on the basis of associations with mercury concentrations. All analyses were performed using Stata Statistical Software Release 14 (StataCorp, College Station, TX, USA).
Ethics
The study was conducted in accordance with the Helsinki Declaration and approval was obtained from The Regional Scientific Ethical Committees for Southern Denmark (S-20140135) and the Danish Data Protection Agency. All participants provided written informed consent. Study data were collected and managed using REDCap (Research Electronic Data Capture) hosted at the University of Southern Denmark [18] .
results
At enrolment, the median hair-mercury concentration was 0.34 µg/g. A total of 27 (18.5%) and four (2.7%) women had hair-mercury concentrations >0.58 and >1.0 µg/g, respectively. Only five (3.4%) women stated that they ate predatory fish once a week or more (Table I ). In the multiple regression analyses that included the four different fish types as predictors, only the intake of marine fish showed a statistically significant association with hair-mercury concentrations (Table II) . Compared with those women eating seafood less than once per week, Figure 1 . A small lock of hair (thickness corresponding to that of a match) from the back of the neck was tied with a cotton string and the lock was cut as close to the scalp as possible. A hair sample collected in this way (inset) has hair strands aligned at their proximal end, thus allowing the laboratory to cut 1-cm segments corresponding to methylmercury exposure during recent months.
women with more frequent intakes had hair-mercury concentrations that averaged 96% (95% CI 57-145; p<0.001) higher. No association between total seafood consumption and gestational week (p=0.76) or work in a dental clinic (p=0.66) was found and adjustment for these parameters did not materially affect the association between seafood diet and hairmercury concentration.
The women participating in the follow-up study had a higher initial hair-mercury concentration (median 0.38) than those choosing not to participate (median 0.30) (Mann-Whitney test, p=0.006). Thus of the women with a hair-mercury concentration ≤0.25 µg/g, only 22 (46%) participated in the follow-up, whereas that was true for 36 (61%) of those with levels between 0.25 and 0.5 µg/g and for 28 (72%) women with hairmercury concentrations that exceeded 0.5 µg/g.
The median hair-mercury concentration for the follow-up group decreased from 0.38 at enrolment to 0.34 µg/g at follow-up (p<0.001) (Table I) , despite the fact that only women with elevated concentrations had received specific advice on avoiding predatory fish. The median change in hair-mercury concentration was 0.08 µg/g, which corresponds to an average of 21% of the initial concentrations. At enrolment, 19 (22.1%) of these women exceeded the limit of 0.58 µg/g compared with only seven (8.1%) at follow-up. For women with mercury concentrations >0.58 µg/g at enrolment, the median decrease was 0.22 µg/g, i.e. 33% of their median initial concentration of 0.67 µg/g. Likewise, at enrolment, four (4.7%) of the follow-up participants had mercury concentrations >1.0 µg/g, whereas the maximum value at follow-up was 0.91 µg/g. Seafood was consumed at a minimum of once a week by 66% of the women at enrolment and 65% at follow-up (p=0.83). Predatory fish was eaten once a week or more by only four participants both before and after enrolment (Table I) . However, a more detailed inspection of the questionnaire data showed that, at follow-up, fewer women never ate marine fish or shellfish, whereas more women (69%) now abstained from predatory fish than at the first examination (57%). In multiple regression analyses, the associations between mercury exposure and total seafood consumption (p<0.001, data not shown) were statistically significant at enrolment. The correlation at the time of follow-up showed more scattering, with one woman showing an increased hair-mercury concentration from 0.57 to 0.91µg/g at follow-up, reportedly without any change in her recent seafood consumption.
Discussion
Increased exposure to methylmercury from contaminated seafood constitutes a serious public health problem and the costs to society in EU countries from developmental neurotoxicity has been estimated to approach €10 billion per year [5] . As mercury contamination of seafood cannot be minimized in the short term, the only feasible public health intervention must rely on some form of dietary advice. Despite advisories issued by national food agencies, methylmercury exposure remains elevated among pregnant women [5] . The body burden of methylmercury can be substantially reduced within a few months [11] and an intervention at the beginning of pregnancy therefore seems appropriate [19] . We provided dietary advice to the target population supplemented by a personal hair-mercury analysis.
Hair-mercury concentrations correlated well with the frequency of seafood consumption, with a doubling in the hair-mercury concentration for total seafood consumption at least once a week as compared with those who were eating less. Despite the fact that the total seafood consumption was unchanged, mercury concentrations decreased significantly from enrolment to follow-up. Although a reduced methylmercury exposure at an unchanged overall seafood intake has not been reported before, our findings are in general agreement with previous reports that dietary advice with regard to healthy, low-mercury food can result in decreased mercury concentrations [10, 20] and it may even result in an increased intake of fish without increased hair-mercury concentrations [21] .
The methylmercury exposure among the participating pregnant women was lower than that previously reported for adult Danish women [18] . The reason for this difference is unclear, but may involve the attention that pregnant women already pay to a healthy diet. In addition, the participants received general dietary counselling (without a special focus on mercury) before answering the questionnaire. Only 3% of the pregnant women stated that they consumed predatory fish a minimum of once a week, thus apparently following the official guideline. The same was true at follow-up (Table I) . However, demographic differences, including age and residence, may also play a part.
The dietary questionnaire was brief to secure as high a participation rate as possible and with respect to the public health feasibility of conducting this type of intervention. Dietary questionnaires are imprecise in estimating methylmercury exposure [22] , but the same is true for more detailed questionnaires [6, 21] , thus not justifying the risk that a lengthy questionnaire may deter some women from participating. The crude data obtained therefore allow only an exploratory analysis of the association between seafood intake and hair-mercury concentrations. A significant association was found between total seafood intake and hair-mercury at enrolment. The intake of predatory fish was not a significant predictor, however, and an inconsistency may have occurred between actual and stated consumption. In addition, methylmercury has an elimination half-life in humans of about 45-60 days [23, 24] , resulting in a delay in changes to hairmercury concentrations as a response to dietary change. The questionnaire aimed to provide reliable information about the average consumption during the previous four weeks. However, this period corresponds to the segment of the hair under formation in the hair root at the time of hair sampling [17] . Thus deviations from a straight correlation are to be expected as a result of temporal changes in dietary habits. Because the baseline testing took place towards the end of the first trimester, a change in dietary habit may already have occurred after the pregnancy was recognized and the baseline levels observed could therefore be lower those of the general population. A related concern is that extrapolation to the general pregnant population may not be appropriate due to the relatively low response rate and the fact that the women who participated in the follow-up study had higher initial hair-mercury concentrations than those choosing not to participate.
Taking these concerns into consideration, the change of 21% in the median hair-mercury concentration from enrolment to follow-up is nonetheless remarkable. As the 1-cm hair sample analysed at the four-month follow-up represents the methylmercury cumulated during the third month after enrolment, a steady state would not have been reached. Assuming a dietary change soon after enrolment and a constant low-level mercury intake after that, the follow-up sample probably represents little more than half of the total change expected. Thus the results reflect a potential decrease of as much as 40%. The decrease among the 19 women with mercury concentrations >0.58 µg/g at enrolment was closer to 30%, suggesting an even greater benefit for highly exposed women.
The median decrease in hair-mercury concentration at follow-up was only 0.08 µg/g. However, the long-term decrease would probably be about twice that level and the results included many women with hair-mercury concentrations that were already well below the exposure limit of 0.56 µg/g at enrolment and who had no need to change their seafood habits. Thus, overall, this short-term follow-up study illustrates the feasibility and advantage of including a hair-mercury analysis along with dietary advice in obstetric practice.
The public health benefits from decreasing prenatal levels of methylmercury exposure are likely to be considerable [19] . Methylmercury is a well-documented developmental neurotoxicant [2, 3] that can lead to decreases in IQ. The economic benefits from preventing such losses -in terms of lower school performance, educational attainment and lifetime income -are substantial. Both in the USA [25] and in Europe [5] , calculations of the indirect costs show high economic impacts. For Danish women, the EU-wide study [5] estimated the total benefit from preventing excess methylmercury exposure >0.58 µg/g to be about €100 million per year. The present study primarily reflects lower levels of exposure than in the EU study and may be difficult to extrapolate to the general Danish population. However, we observed that the percentage of children born to mothers with hair-mercury concentrations >0.58 decreased from 22% to around 8% within a few months. While refraining from any detailed calculation, these results suggest that the benefit of the intervention could easily represent a value of many millions of euros per year.
The expected public health benefits suggest that an intervention similar to the present study at a national scale could prevent a large proportion of the increased prenatal exposure to methylmercury. The intervention would easily be cost-efficient because the clinical and laboratory costs for each pregnancy would be unlikely to exceed €50. Screening for mercury exposure and dietary advice in Canada has been estimated to cost about $34 (about €24) [19] . If focusing primarily on women with a high fish intake, especially of predatory fish and canned tuna [16] , the relative profit would be even higher. The associated dietary advice may also increase intakes of essential seafood nutrients, thereby adding to the benefits [21] . Our findings therefore suggest a highly appropriate way to comply with the medical recommendation that reproductive and other health care professionals should make the prevention of exposure to environmental chemicals a priority [1] .
conclusions
This study confirms that methylmercury exposure among pregnant women is an important public health issue. Focused dietary advice coupled with a hair-mercury analysis can motivate pregnant women to adjust their seafood diets to significantly lower their methylmercury exposures. Minimizing prenatal exposure to this neurotoxicant will promote early brain development. Although the results of this study may not necessarily be representative at a national or regional scale, the costs of initiating focused dietary counselling and hair-mercury analysis is likely to be highly cost-efficient and therefore deserves attention from public health professionals. Current evidence could potentially be extended if the introduction of this procedure in prenatal health care is linked to a randomized controlled trial with and without counselling and/or hair analysis.
